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Abstract— We use a previously validated cardiovascular 
system (CVS) model and parameter identification method to 
identify the pig-specific parameters during induced endotoxic 
shock. Six anesthetized healthy pigs weighing 20-30 kg 
received a 0.5- mg/kg endotoxin infusion over a period of 30 
mins from T0 to T30. Only right heart measurements were 
obtained and thus significantly less data was available for the 
model parameter identification compared to previous studies. 
Errors for the identified model are within 8% when the model 
is identified from data, re-simulated and then compared to the 
clinically measured data. All identified parameter trends 
match physiologically expected changes. This work represents 
a further clinical validation for this model-based approach to 
cardiovascular diagnosis and therapy guidance in monitoring 
endotoxic disease states. 
Keywords— cardiovascular system, mathematical model, pa-
rameter identification, septic shock. 
I. INTRODUCTION  
Sepsis is a most complex and serious systemic response 
to infection and has been shown to account for as many 
deaths in the USA as out-of-hospitals cardiac arrests and 
four times the number of those who die of breast cancer [1]. 
More specifically, mortality rates have ranged from 25% to 
80% over the last few decades [2], making septic shock and 
multiple organ failure one of the leading causes for morbidi-
ty and mortality in the critical care setting. 
 The CVS model and identification process have already 
been validated in the identification and model-based 
analysis of induced endotoxic shock with continuous veno-
venous hemofiltration (CVVH) therapy [3]. In this research, 
a porcine model of induced endotoxic shock without 
hemofiltration is analyzed and the CVS model parameters 
are identified. The novelty of this identification is that for 
the first time the identification process is applied to strictly 
right ventricle signals and no left ventricle signals were 
measured. This significantly reduced data set is of particular 
clinical importance, as often only limited data, such as data 
from only one of the ventricles, is available. The CVS 
model and identification process are therefore applied here 
to only the measured right ventricle signals under a series of 
assumptions. However, similar contractility and afterload 
trends are obtained when compared to previously reported 
experimental results [4]. 
We therefore show the robustness of the methods 
developed and their potential use to diagnose developing 
disease states. Hence, this research showcases model-based 
monitoring and diagnosis of untreated sepsis using further 
reduced clinical data. 
II. METHODOLOGY 
A. Experimental protocol 
All experimental procedures and protocols used in this 
investigation were reviewed and approved by the Ethics 
Committee of the Medical Faculty of the University of 
Liege. The investigation conforms with the Guide for the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication No. 85-23, 
revised 1996). 
Experiments were performed on 6 healthy pure pietran 
pigs of either sex weighing from 20 to 30 kg. The animals 
received a 0.5 mg/kg endotoxin infusion 
(lipopolysaccharide from Escherichia coli serotype 
0127:B8; Sigma Chemical, St. Louis, MO, U.S.A.) over 30 
mins (from T0 to T30) and received no further intervention. 
Measurements were obtained for systemic arterial pressure 
(Pao), pulmonary arterial pressure (Ppa) and right ventricle 
pressure and volume (Prv, Vrv) as described previously in 
[4]. 
Measurements were obtained every 30 minutes into the 
experiment, from T0 to T300 minutes. Note, that for pig 1, 
only 4 measurements were obtained (T0 - T90); for pig 2, 9 
measurements (T0 - T240); for pig 5, 8 measurements (T0 - 
T210) and for pig 6, 7 measurements (T0 - T180). Pigs 3 
and 4 had the full amount of 11 measurements (T0 - T300), 
thus totalling 50 measurements over all pigs. 
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B. CVS model 
The CVS model is a lumped parameter model, previously 
developed by [5,6] and extended to include one extra 
compartment for the lung capillaries and a second has been 
added for the body capillaries (Figure 1). This change 
separates the venous and arterial systems and resistances, 
which is more physiologically accurate. Figure 1 shows 
these modifications with the two new compartments 
representing the systemic and pulmonary capillaries. 
 
Fig. 1 Closed-loop model of the cardiovascular system 
C. Parameter identification method 
The measured signals for this research that are used for 
identification are the pressures in the aorta and pulmonary 
artery (Pao, Ppa), and the volume in the right ventricle (Vrv). 
The complete identification process has previously been 
described [3,7-9], and therefore, only a brief overview is 
given focusing on the specific aspects of the reduced data 
set. 
First of all, as the left ventricle signals are not measured 
in this reduced data study, they must be estimated for the 
identification process to provide an initial starting point. 
The left ventricular volume (Vlv) is assumed to be the 
same as the measured right ventricular volume (Vrv) for 
simplicity. The waveforms are artificially generated by 
scaling a set of previously calculated model outputs to best 
fit the measured maximum and minimum data values for the 
pressures and volumes.  
 
Fig. 2 Parameter identification algorithm 
These scaled signals are then used in the parameter 
identification process, and a new CVS forward simulation is 
then performed with the identified parameters. The result is 
a much closer match to the clinical data than what was 
provided by the first initial parameter set. This animal-
specific model simulated output is then compared to the 
clinical data to assess performance. Subsequently, the 
output signals are re-scaled and new parameters identified, 
which are then used to run a further simulation. This 
iterative process is stopped when the relative error between 
model output and measured clinical data reaches a set 
tolerance or fails to improve. Figure 2 gives an overview of 
the overall identification process. 
III. RESULTS AND DISCUSSION 
Figure 3 illustrates the very good matches achieved for 
one specific pig in detail at the beginning of the experiment 
(T0). The upper panel shows the clinical vs. simulated right 
ventricular pressure and the pressure in pulmonary artery. In 
the lower panel, the clinical vs. simulated right ventricular 
volume is shown. It is worth to note, that during the 
identification process only the systolic (maximum) and 
diastolic (minimum) values of the measured ventricle 
volume (EDV, ESV) and arterial pressure (SPAP, DPAP) 
are used. The right ventricular pressure is not used as this 
measurement is rarely obtained in a clinical setting. 
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However, it can clearly be seen that relatively good matches 
are nevertheless obtained for the ventricle pressures, even 
where that measurement was not used in the identification 
process, further validating the model and identification 
process. Generally, the errors are well below 10%, which is 
within typical measurement noise levels. 
 
Fig. 3 Model output (dotted) vs clinical (solid line) volume and pressure 
waveform signals for right ventricle (RV). The upper panel shows the 
clinical vs. simulated ventricle and arterial pressure. The lower panel 
shows the clinical vs. simulated ventricle volume. 
Figure 4 shows the right ventricular stroke volumes 
(RVSV) for all identified time segments over all pigs. The 
solid line represent the clinical data while the crosses 
represent the CVS model simulation output when re-run 
using the animal-specific identified model parameters. As 
can be seen, the model output values match the true clinical 
values very well, with median absolute percentage errors 
less than 5%, which is well within measurement or estimate 
errors [10,11]. 
The upper panel in Figure 5 shows the clinically 
measured right ventricular end-systolic elastance (Eesrvf) 
during the endotoxic shock experiment, as previously 
reported [4]. The lower panel of Figure 8 shows the similar 
results obtained from the CVS model and identification 
process. This elastance, as with all the other model 
parameters, is identified during the identification process. 
 
 
Fig. 4 Clinical (solid line) vs simulated identified animal-specific model 
(cross) right ventricular stroke volume (RVSV) over all analyzed times and 
pigs. 
 
Fig. 5 Mean normalized right ventricular end-systolic elastance Eesrvf  over 
all analyzed pigs during the septic shock experiment. Upper panel: results 
as obtained by [4], lower panel: results obtained with CVS model and 
identification process. 
IV. CONCLUSIONS  
The integral-based optimization successively identified 
pig-specific parameters for the extended CVS model using a 
significantly reduced data set. This shows the ability of the 
model to adequately and realistically capture the impact of 
pressure-volume changes during endotoxic shock. In 
particular, the model is able to aggregate diverse measured 
data into a clear, clinically and physiologically relevant 
diagnostic picture as the condition develops. This research 
thus increases confidence in the clinical applicability and 
validity of this overall diagnostic monitoring approach 
preparatory to initial studies with human subjects. 
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